Prostacyclin is an arachidonic acid metabolite that modulates vascular tone within the lung. The current study evaluated the hypothesis that prostacyclin can also modulate tissue remodeling by affecting fibroblast-mediated contraction of extracellular matrix. To accomplish this, fibroblasts were cultured in three-dimensional native type I collagen gels in the presence of prostacyclin analogs: carbaprostacyclin, iloprost, and beraprost. All three analogs significantly inhibited contraction of the three-dimensional collagen gels mediated by three different fibroblasts. All three analogs significantly inhibited fibronectin release and reduced fibroblast fibronectin mRNA expression. Addition of exogenous fibronectin restored the contractile activity to fibroblasts incubated in the presence of all three analogs. Iloprost and beraprost significantly activated cAMP-dependent protein kinase-A (PKA), and an action through this pathway was confirmed by blockade of the inhibitory effect on contraction and fibronectin release with the PKA inhibitor KT-5720. In contrast, carbaprostacyclin, which is not as selective for the prostacyclin (IP) receptor, did not activate PKA, and its effects on contraction and fibronectin release were not fully blocked by KT-5720. Finally, the cAMP analogs N 6 -Benzoyl-(6-Bnz-) cAMP and dibutyryl-cAMP inhibited contraction, and this contrasted with the activity of an Epac selective agonist 8-pCPT-2-O-Me-cAMP, which had no effect. Taken together, these results indicate that prostacyclin, acting through the IP receptor and by activating PKA, can lead to inhibition of fibronectin release and can subsequently inhibit fibroblastmediated collagen gel contraction. The ability of prostacyclin to modulate fibroblast function suggests that prostacyclin can contribute to tissue remodeling.
Alterations in tissue structure are characteristically present in many chronic disorders. Prominent among these alterations is fibrosis, an accumulation of mesenchymal cells and collagenous extracellular matrix produced by these cells. Importantly, fibrotic tissues are contracted, which can lead to disruption of architectural relationships within tissues and compromise of organ function. The ability of fibroblasts to contract extracellular matrix, which is believed to play a role in normal wound healing such as in resolution of granulation tissue (1) , likely also plays a crucial pathogenic role in many diseases. Importantly, it has been suggested to contribute to the airway narrowing characteristic of asthma and chronic obstructive pulmonary disease (COPD), the vascular narrowing that characterizes pulmonary hypertension, and to tissue distortion present in interstitial pulmonary fibrosis (2) (3) (4) .
The ability of fibroblasts to contract extracellular matrix can be modulated by diverse exogenous mediators. Recent studies have suggested that prostacyclin, a potent vasodilator that is used therapeutically in the treatment of primary pulmonary hypertension, can also modulate fibroblast chemotactic recruitment (5) . This action on fibroblasts suggests that prostacyclin, in addition to regulating vascular tone, may also contribute to tissue remodeling. The current study was conducted to determine if prostacyclin can also modulate contraction of extracellular matrix by lung fibroblasts. Because prostacyclin itself is relatively unstable, prostacyclin analogs were used to evaluate this question in an in vitro model system assessing fibroblast contraction of extracellular matrix. The signaling pathway and the mechanism by which prostacyclin mediates its effect on contraction were also defined.
MATERIALS AND METHODS

Materials
Native type I collagen (rat tail tendon collagen [RTTC] ) was extracted from rat-tail tendons by a previously published method (6, 7) . Commercially available reagents were obtained as follows: Dulbecco's Modified Eagle's Medium (DMEM) and fetal calf serum (FCS) were from Invitrogen Life Technologies (Grand Island, NY); carbaprostacyclin, iloprost, and beraprost were from Cayman Chemical (Ann Arbor, MI); monoclonal anti-human fibronectin antibody (Clone FN-15), polyclonal anti-human fibronectin antibody, phenylmethylsulfonyl fluoride (PMSF), 8-pCPT-2Ј-O-Me-cAMP, and 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazoliumbromide (MTT) were from Sigma (St. Louis, MO); horseradish peroxidase (HRP)-conjugated anti-rabbit IgG antibody was from Rockland (Gilbertsville, PA); human fibronectin was from Roche Applied Science (Indianapolis, IN); KT-5720, 6-Bnz-cAMP, and dibutyryl-cAMP were from Calbiochem (San Diego, CA).
Cell Culture
Human fetal lung fibroblasts (HFL-1; lung, diploid, human) were obtained from the American Type Culture Collection (#CCL-153; Rockville, MD). Human lung fibroblasts were isolated from normalappearing alveolar lung tissue removed at surgery for suspected malignancy under a protocol approved by the Human Studies Committee of the University of Michigan. Human bronchial fibroblasts from healthy adults were initiated from endobronchial biopsy at the University of Nebraska Medical Center under an Institutional Review Boardapproved protocol. The cells were cultured on 100-mm tissue culture dishes (Falcon; Becton-Dickinson Labware, Lincoln Park, NJ) with DMEM supplemented with 10% FCS, 100 g/ml penicillin, 250 g/ml streptomycin sulfate (penicillin-streptomycin; Invitrogen Life Technologies), and 2.5 g/ml amphotericin B (Geneva Pharmaceuticals, Inc., Dayton, NJ). Cells were cultured at 37ЊC in a humidified atmosphere of 5% CO 2 and passaged every 3-5 d at a 1:4 ratio. In all experiments, cells between the 14th and 18th passage were used. To evaluate mediator production in monolayer culture, cells (2 ϫ 10 5 cells/well) were seeded in 6-well tissue culture plates (Falcon). At 90% confluence, medium was changed to DMEM without FCS (serum-free [SF]-DMEM) for 6 h and then treated with various concentrations of prostacyclin analogs in SF-DMEM. The supernatants from monolayer cultures were harvested 48 h later and stored at Ϫ80ЊC until assayed.
Collagen Gel Contraction Assay
Collagen gel contraction assays were conducted in the absence of FCS. Confluent fibroblasts were detached with trypsin-EDTA (0.05% trypsin, 0.53 mM EDTA-4Na; GIBCO, Grand Island, NY) and resuspended in SF-DMEM containing soybean trypsin inhibitor (Sigma). The cell number was then counted with a Coulter Counter (Beckman Coulter, Inc., Fullerton, CA). Collagen gels were prepared by mixing the appropriate amount of RTTC, distilled water, 4ϫ concentrated DMEM, and cell suspension so that the final mixture resulted in 0.75 mg/ml of collagen, 3 ϫ 10 5 fibroblasts/ml gel, and a physiologic ionic strength of 1ϫ DMEM, and a pH of 7.4 (7). Fibroblasts were always added last to minimize damage during the preparation of collagen gels. A 500-l portion of the gel solution was then cast into each well of a 24-well tissue culture plate with a 2-cm 2 growth area (Falcon). Gelation occurred in 20 min at room temperature, after which the gels were released from the surface of the culture well using a sterile spatula. They were then transferred into 60-mm tissue culture dishes (three gels in each dish) containing 5 ml of SF-DMEM with or without designated reagents and incubated at 37ЊC, 5% CO 2 for 3 d. The ability of the fibroblasts to contract the floating gels was determined by quantifying the area of the gels daily using an Optomax V image analyzer (Optomax, Burlington, MA). Data are expressed as the percentage of gel area compared with the original gel size; contraction is then expressed as a decrease in gel area.
Measurement of Fibronectin by Enzyme-Linked Immunosorbent Assay
Fibronectin in the media from cells in collagen gel culture or monolayer culture was determined by enzyme-linked immunosorbent assay (ELISA). Plates were coated with monoclonal anti-fibronectin antibody at 4ЊC overnight. After washing three times, standards and samples were added and incubated at room temperature for 2 h. After washing, bound antigen was detected by adding polyclonal anti-human fibronectin antibody (1:2,000 dilution) at room temperature for 1 h. After washing, HRP-conjugated anti-rabbit IgG antibody (1:10,000 dilution) was added at room temperature for 1 h, and then, after a final wash, bound HRP was detected with 0.1 mg/ml o-phenylenediamine (Fisher Scientific, Pittsburgh, PA). The reaction was stopped with 8 M H 2 SO 4 , and the product was quantified at 490 nm with a microplate reader (BioRad Laboratories, Inc., Hercules, CA).
Data are expressed as ng fibronectin produced per day per 10 5 cells. For monolayer culture, the cell number was counted at the end of the experiment. For three-dimensional collagen gel culture, the number of cells cast into the gel was used.
RNA Preparation and Complementary DNA Synthesis
To determine whether changes in fibronectin mRNA levels were present, quantitative real-time polymerase chain reaction (PCR) was performed. Cells were cultured until confluence and serum-starved for 4 h. Then cells were exposed to 1 ϫ 10 Ϫ6 M of carbaprostacyclin, iloprost, and beraprost for 5 h. Total RNA was isolated by a single-step guanidiniumthiocyanate-phenol-chloroform extraction procedure designed by Chomczynski (8) and the total amount of RNA was quantified spectrophotometrically (Shimadzu Scientific Instruments, Inc., Columbia, MD). One microgram of total RNA was treated with RNase-free DNase I following the manufacturer's instructions (Invitrogen) for 15 min at room temperature to remove possible contaminating genomic DNA. The reaction was then stopped with 25 mM EDTA by heating at 65ЊC for 10 min, followed by 95ЊC for 5 min. For cDNA synthesis, ‫ف‬ 400 ng of DNase-treated RNA was transcribed with cDNA transcription reagents (Applied Biosystems, Foster City, CA) by using random hexamers, and the cDNA was used for quantitative real-time PCR.
Quantitative Real-Time PCR
Gene expression was measured with the use of an ABI Prism 7500 Sequence Detection System (Applied Biosystems) as described previously (9) . TaqMan Gene Expression Assays, which include predesigned primers and probes for the detection of fibronectin mRNA (Hs01549962_m1), were purchased from Applied Biosystems. Probes were labeled at the 5Ј end with the reporter dye molecule 6-carboxyfluorescein (FAM) and at the 3Ј end with the quencher dye molecule 6-carboxytetramethyl-rhodamine (TAMRA). rRNA was simultaneously tested using TaqMan Ribosomal RNA Control Reagents (Applied Biosystems). Quantitative real-time PCRs were then conducted in a total volume of 50 l with 1ϫ TaqMan Universal Master Mix (Applied Biosystems) and primers at 900 nM and probes at 250 nM.
Thermal cycler parameters were 2 min at 50ЊC, 10 min at 95ЊC, and 40 cycles of denaturation at 95ЊC for 15 s and annealing/extension at 60ЊC for 1 min. Data were normalized to the amount of rRNA quantified spectrophotometrically from the same preparations and are expressed as fold of control.
Effect of Exogenous Fibronectin on the Inhibition of Three-Dimensional Gel Contraction by Prostacyclin Analogs
To evaluate modulation of three-dimensional gel contraction by fibronectin, 50 g/ml of human fibronectin was added to the collagen solution before gels were made. Gels were then cast and suspended in the media with 25 g fibronectin and cultured. The areas of the gels were measured as described in Collagen Gel Contraction Assay.
PKA Activity Assay
The PKA activity assays were performed using a nonradioactive, protein kinase assay kit purchased from Calbiochem following the manufacturer's instructions. Briefly, cells were grown to confluence in 100-mm tissue culture dishes. After treatment with prostacyclin analogs, cells were washed twice with ice-cold PBS and then harvested in 500 l of cell lysis buffer (50 mM Tris-HCl, 50 mM ␤-mercaptoethanol, 10 mM EGTA, 10 mM benzamide, 5 mM EDTA and 1 mM PMSF, pH 7.5). After sonication four times for 10 s each, they were centrifuged at 100,000 ϫ g for 60 min at 4ЊC and the supernatants were collected. The protein concentration in each sample was determined by Bio-Rad Protein Assay kit (Bio-Rad Laboratories), which is based on the method of Bradford. Twelve microliters of samples plus 108 l of reaction mixture with 1 mM ATP were applied to plates that were precoated by the peptide pseudosubstrate, which is phosphorylated by PKA. Plates were incubated for 20 min at 25ЊC in a water bath and the reaction was stopped. After washing five times, 100 l of biotinylated monoclonal antibody for the phosphorylated form of the peptide pseudosubstrate was added and incubated at 25ЊC for 60 min. After washing five times, 100 l of HRP-conjugated streptavidin were added and incubated at 25ЊC for 60 min. After a final wash, bound HRP was detected with o-phenylenediamine. After the reaction was stopped, the product was quantified at 492 nm with a microplate reader.
Cell Viability Assay
Cell viability was evaluated by MTT assays using previously described methods (10) . Briefly, on Day 3, fibroblast-populated gels were incubated with MTT solution (0.25 mg/ml in SF-DMEM, 0.5 ml/gel) for 12 h. Gels were washed once with PBS. Formazan crystals were then dissolved with dimethyl sulfoxide (0.5 ml/gel) by shaking 6 h at room temperature, and then absorbance at wavelength of 540 nm was determined with a microplate reader.
Statistical Analysis
Data are expressed as mean Ϯ SEM. Experiments with multiple comparisons were evaluated by one-way ANOVA followed by post hoc analysis by pair-wise comparisons of values with Tukey's test to adjust for multiple comparisons. Probability values Ͻ 0.05 were considered significant.
RESULTS
Effect of Prostacyclin Analogs on Fibroblast-Mediated Contraction of Three-Dimensional Collagen Gels
To investigate prostacyclin modulation of collagen gels, HFL-1 cells cast into collagen gels were floated in media with various concentrations of three prostacyclin analogs, carbaprostacyclin, iloprost, and beraprost. Three-dimensional gel contraction was inhibited in a concentration-dependent manner (1 ϫ 10 Ϫ9 M to 1ϫ10 Ϫ6 M) by all the three analogs ( Figure 1 ). This inhibition of collagen gel contraction was observed throughout the experimental period. Using analogs at the concentration of 1 ϫ 10 Ϫ6 M, inhibition was statistically significant on Days 2 and 3 and showed a trend toward inhibition already at Day 1 ( Figure 2 ). On Day 3, carbaprostacyclin-treated gels were 69 Ϯ 2% of initial size, iloprost-treated gels were 69 Ϯ 2% and beraprost-treated gels were 67 Ϯ 3%, in contrast with control gels, which were 54 Ϯ 4% (P Ͻ 0.05, all comparisons, Figure 2) . None of the reagents affected cell viability evaluated by MTT assay (data not shown).
Because fibroblasts may be functionally heterogeneous, we also investigated the effect of prostacyclin analogs on the inhibition of three-dimensional gel contraction mediated by human lung parenchymal and bronchial fibroblasts from healthy adults. Prostacyclin analogs inhibited three-dimensional gel contraction mediated by both adult lung parenchymal and bronchial fibroblasts in a concentration-dependent manner (1 ϫ 10 Ϫ9 M to 1 ϫ 10 Ϫ6 M) (data not shown). All three of the prostacyclin analogs at the concentration of 1 ϫ 10 Ϫ6 M significantly inhibited threedimensional gel contraction mediated by normal adult lung fibroblasts at Days 2 and 3 (P Ͻ 0.05), and showed a trend toward inhibition at Day 1 ( Figure 3A ). Carbaprostacyclin also inhibited bronchial fibroblasts to a similar degree ( Figure 3B ). Iloprost significantly inhibited bronchial fibroblasts, but had quantitatively less effect than did carbaprostacyclin. In bronchial fibroblasts, beraprost demonstrated a trend toward inhibition that did not achieve statistical significance (P ϭ 0.06 at Day 3).
Effect of Prostacyclin Analogs on Fibronectin Release by Human Fibroblasts
Fibronectin is a multifunctional macromolecule produced by fibroblasts that can modulate fibroblast-mediated collagen gel contraction. To determine whether prostacyclin analogs could alter fibronectin production, fibronectin release was evaluated by ELISA. Prostacyclin analogs (1 ϫ 10 Ϫ9 M to 1 ϫ 10 Ϫ6 M) decreased fibronectin release in a concentration-dependent manner both in the three-dimensional gel (P Ͻ 0.05 at 1 ϫ 10 Ϫ6 M; Figure 4A ) and monolayer cultures (P Ͻ 0.05 at 1 ϫ 10 Ϫ6 M; Figure 4B ). We also measured fibronectin release into three-dimensional gel culture media mediated by human parenchymal and bronchial fibroblasts from healthy adults. All three analogs decreased fibronectin release into three-dimensional gel culture media by adult lung fibroblasts at a concentration of 1 ϫ 10 Ϫ6 M ( Figure 5A ). In bronchial fibroblasts, only the effect of carbaprostacyclin was significant, although both iloprost and beraprost showed trends toward inhibition (P ϭ 0.090 and P ϭ 0.096 at 1 ϫ 10 Ϫ6 M, respectively).
Effect of Prostacyclin Analogs on Fibronectin mRNA Expression by Human Lung Fibroblast
To determine whether the changes in fibronectin release were associated with changes in fibronectin gene expression, quantitative real-time PCR assays were performed. Consistent with the effect on protein release assessed by ELISA, prostacyclin analogs markedly inhibited fibronectin mRNA expression in a concentration-dependent manner ( Figure 6 ). Fibronectin mRNA was 14 Ϯ 9, 16 Ϯ 3, and 28 Ϯ 1% fold of control after incubation 
Effect of Exogenous Fibronectin on the Inhibition of Three-Dimensional Collagen Gel Contraction by Prostacyclin Analogs
Since prostacyclin analogs reduced fibronectin mRNA levels and protein release, we addressed the question of whether a decrease in fibronectin may contribute to the inhibition of collagen gel contraction caused by prostacyclin analogs. To evaluate this possibility, the effect of exogenously added fibronectin was investigated. HFL-1 fibroblasts were cast into gels with or without exogenous fibronectin (50 g/ml) and then incubated with 1 ϫ 10 Ϫ6 M prostacyclin analogs in culture medium that was supplemented with 25 g fibronectin. Exogenous fibronectin slightly stimulated three-dimensional gel contraction (Figure 7 ). In the presence of exogenous fibronectin, all three prostacyclin analogs failed to inhibit collagen gel contraction.
Effect of Prostacyclin Analogs on PKA Activity in Fibroblasts
Prostacyclin is known to act, at least in part, through the cAMP-PKA pathway that is activated by prostacyclin binding to the G s -coupled prostacyclin receptor followed by subsequent activation of adenylyl cyclase (11) . To investigate whether prostacyclin analogs increase PKA activity in human lung fibroblasts, confluent cells were incubated with the three prostacyclin analogs at the concentration of 1 ϫ 10 Ϫ6 M for 15, 30, and 60 min. Cell lysates were harvested and subjected to PKA assay. Iloprost and beraprost stimulated PKA activity, which was maximal by 15 min after stimulation, the earliest time assessed (Figures 8B and  8C, respectively) ; however, stimulation of PKA by carbaprostacyclin was not observed ( Figure 8A ).
Effect of the PKA Inhibitor of KT-5720 on Inhibition of Three-Dimensional Gel Contraction by Prostacyclin Analogs
To determine whether the effect of prostacyclin analogs on three-dimensional gel contraction is mediated by cAMP activation of PKA, we incubated the collagen gels with the PKA inhibitor KT-5720 at the concentration of 1 ϫ 10 Ϫ7 M for 1 h (12, 13) before the addition of prostacyclin analogs. KT-5720 alone had minimal effect on three-dimensional gel contraction ( Figure 9 ). In contrast, KT-5720 significantly blocked the effects of iloprost and beraprost on three-dimensional gel contraction by 75% and 83%, respectively; KT-5720 was less effective in blocking the effect of carbaprostacyclin, reducing it by 28%, which did not achieve statistical significance (P ϭ 0.087). 
Effect of cAMP Analogs
To further assess the role of PKA in mediating inhibition of collagen gel contraction, we used the PKA-specific cAMP analog, 6-Bnz-cAMP, the guanine nucleotide exchange factor for the Ras-like small GTPases (Epac) selective agonist 8-pCPT-2Ј-O-Me-cAMP, and the nonselective agonist dibutyryl-cAMP. Fibroblasts contraction of collagen gels was significantly inhibited by both of the PKA activators ( Figure 10 ). In contrast, the selective activator of Epac had no effect on three-dimensional gel contraction (Figure 10 ).
Effect of KT-5720 on the Inhibition of Fibronectin Release by Prostacyclin Analogs
To further confirm the role of PKA-mediated signaling in prostacyclin analog inhibition of three-dimensional gel contraction, we investigated whether KT-5720 blocks prostacyclin analog inhibition of fibronectin release. Fibroblasts in both threedimensional gel and monolayer cultures were preincubated with KT-5720 (1 ϫ 10 Ϫ7 M) for 1 h before the addition of prostacyclin analogs (1 ϫ 10 Ϫ6 M). When assessed after 2 d of incubation, KT-5720 significantly prevented the decrease in fibronectin release caused by iloprost and beraprost; however, as with contraction, the effect of KT-5720 on carbaprostacyclin-treated cells was minimal and not statistically significant (Figure 11 ).
DISCUSSION
The current study demonstrates that prostacyclin analogs inhibit human lung fibroblast-mediated contraction of threedimensional collagen gels. The prostacyclin analogs also inhibit the release of fibronectin from cultured fibroblasts. The addition of exogenous fibronectin restored fibroblast-mediated contractions, suggesting that the inhibitory effect of the prostacyclin analogs was mediated, at least in part, through the inhibition of fibronectin release. The effect of the prostacyclin analogs on both fibronectin release and gel contraction was inhibited by the protein kinase-A inhibitor KT-5720. PKA-specific cAMP analogs inhibited three-dimensional gel contraction, but an Epac activator was without effect, consistent with an action through the PKA pathway. Taken together, these results suggest that prostacyclin analogs acting through cyclic AMP and protein kinase-A modulation of fibronectin release can modify fibroblastmediated contraction of extracellular matrix.
Prostacyclin is an arachidonic acid-derived mediator that acts on a specific G protein-coupled receptor, the IP receptor. Prostacyclin has potent effects as a vasodilator, and prostacyclin agonists are used in the treatment of primary pulmonary hypertension (4). Primary pulmonary hypertension is characterized not only by vasoconstriction and increases in pulmonary blood pressure, but also by remodeling of vascular tissue (14) . Treatment with prostacyclin analogs not only reduces vascular pressure but also appears to modulate the remodeling processes. The current study supports the concept that prostacyclin may be able to affect remodeling processes by actions on fibroblasts in addition to actions on vascular smooth muscle.
The current study used fibroblasts from both fetal and adult lung tissues, which behaved similarly. The exact origin of these cells is not known, but the similarity of response suggests that the responsiveness to prostacyclin is a property of lung fibroblasts and is not specific to a single strain. Interestingly, the normal airway fibroblasts were slightly less responsive, particularly to iloprost and beraprost which, in contrast to carbaprostacyclin, are relatively more selective for the IP receptor. This suggests that fibroblasts may be heterogeneous in their receptor expression and sensitivity to prostacyclin. The current study used HFL-1 cells, a widely used normal human lung fibroblast, to characterize and define the pathways for prostacyclin analog action on fibroblast-mediated contraction of collagen gels. In addition to pulmonary hypertension, several other chronic lung diseases are characterized by both pulmonary hypertension and tissue remodeling, including idiopathic pulmonary fibrosis (IPF) and chronic obstructive pulmonary disease. Treatment of the pulmonary hypertension associated with these conditions by agents such as prostacyclin analogs has been suggested. Several studies have demonstrated that fibroblasts cultured from IPF lung or COPD can differ functionally from fibroblasts from normal tissue (15, 16) . Whether fibroblasts present in these conditions will respond to prostacyclin analogs remains to be determined, but the current study supports the concept that these agents may also be able to alter the fibrotic processes that lead to tissue disruption in these conditions.
The current study used fibroblasts cultured in three-dimensional collagen gels as a model of tissue remodeling. Fibroblasts cultured in a gel composed of native collagen attach to the collagen fibers and generate a traction force. If the collagen gel is allowed to float freely, this traction force results in contraction of the gel. This process has been used to model the contraction that characterizes healing granulation tissue and fibrosis (1, 17) . Several factors that are believed to stimulate healing responses and/ or fibrosis are known to stimulate the contraction of fibroblastpopulated collagen gels, including TGF-␤ (18, 19) , fibronectin (20) , platelet-derived growth factor (21), thrombin (22) , lysophosphatidic acid (23) , and endothelin-1 (24) . Among these factors, fibronectin was found to play a particularly important role in the modulation of gel contraction mediated by prostacyclin analogs. Blockade of fibroblast-mediated collagen gel contraction, therefore, may be regarded as a potential means to prevent the development of fibrotic-contracted tissues. Whether prostacyclin analogs would be able to reverse fibrosis once developed is not addressed by the experimental system used.
Fibronectin is a multifunctional extracellular matrix macromolecule. It can interact with cells through multiple integrin receptors through its RGD domain (25) . It can also bind to collagen and other extracellular matrix components and can thereby mediate fibroblast adhesion to collagenous substrates (26) . Fibroblasts can adhere to extracellular collagen through other mechanisms. Also, the ␣ 2 ␤ 1 integrin is absolutely required for the direct adhesion of fibroblasts to collagen and then for fibroblast contraction of three-dimensional matrices (27, 28) . While fibronectin can, under some circumstances, augment fibroblast-mediated collagen gel contraction (20) , it is not absolutely required for this process to occur, and RGD-containing peptides do not completely block collagen gel contraction (29) . This suggests that both fibronectin-dependent and fibronectinindependent mechanisms for collagen gel contraction occur, a concept that is also supported by antibody inhibition experiments (20, 29) . Only the fibronectin released into the culture media was measured in the current study. Previous studies have demonstrated that approximately one-third of fibronectin is released into the culture medium in three-dimensional culture collagen gel, and more than half is released into the culture media in monolayer culture (30) . Thus the absorption amounts measured do not reflect the total fibronectin production. It is possible that the reduction in fibronectin release observed in response to prostacyclin analogs represents, in part, redistribution between media and matrix. Nevertheless, the restoration of contraction by the addition of exogenous fibronectin establishes this as a mechanism for the inhibited contraction.
The mechanism by which fibronectin leads to augmented contraction of three-dimensional collagen gels, and the receptors involved, remain to be fully defined. The current study demonstrates that fibronectin-dependent contraction is inhibited by prostacyclin analogs through inhibition of fibronectin release. These results resemble previous results with cigarette smoke, which also inhibits contraction by inhibiting fibronectin release (31, 32) . In both cases, inhibition of contraction is reversed by exogenous fibronectin. Prostacyclin, therefore, seems to be acting through a similar pathway. Whether inhibition of fibroblastmediated collagen gel contraction through inhibition of fibronectin plays a pathogenic role in a disease process or represents a normal tissue homeostatic mechanism, we suspect, may depend on the specific in vivo context. Interestingly, different effects of cigarette smoke are observed at high cell density. A high density of cells, which produce TGF-␤, results in an increased concentration of active TGF-␤, resulting in augmented contraction (33) . These cell density-dependent effects depend on the paracrine action of released mediators and suggest an important mechanism by which the activity of neighboring cells can be coordinated during repair processes. The ability of prostacyclin analogs to modulate paracrine regulation is consistent with a role for prostacyclin in regulating repair. Finally, prostacyclin analogs have previously been shown to inhibit fibroblast chemotaxis, suggesting that prostacyclin may regulate several aspects of repair and remodeling (5) .
Activation of the IP receptor leads to signaling through G s activation of adenylyl cyclase and increases in cyclic AMP levels. This can lead to several signaling pathways, including activation of protein kinase-A and activation of Epac (34) . In the current study, an inhibitor of PKA, KT-5720, was able to completely block the effects of iloprost and beraprost on fibronectin release and gel contraction, suggesting that PKA signaling mediated this effect. The effect of KT-5720 on carbaprostacyclin-mediated inhibition, in contrast, was only partial. The results of PKA activity assays, in which iloprost and beraprost stimulated PKA activity whereas carbaprostacyclin did not, were consistent with these results. Direct stimulation of PKA by the cAMP analogs, 6-Bnz-cAMP, and dibutyryl-cAMP (35) , inhibited the contraction of three-dimensional gels. However, the Epac agonist 8-pCPT-2Ј-O-Me-cAMP was without effect, suggesting that action through Epac was not responsible for any of the observed effects. Together, these findings support the involvement of PKA. In contrast to iloprost and beraprost, carbaprostacyclin is less specific and can act on a number of other related receptors (36, 37) . This suggests that some of the inhibitory effect of carbaprostacyclin may be mediated via other receptors and other signaling pathways.
Prostacyclin is relatively unstable, with a half-life in aqueous solution of 3-5 min (38) . The synthetic analogs used in the current study are more stable. Carbaprostacyclin and beraprost have half-lives of 30 d and 10 d, respectively, in neutral aqueous solution (39, 40) . The serum half-life of iloprost, in contrast, is ‫ف‬ 25 min (41), although the half-life in aqueous solution may be longer. While the stability of the analogs used in the current study in tissue culture conditions remains to be determined, it is likely that carbaprostacyclin and beraprost were active throughout the several-day experimental incubations, whereas iloprost may have been progressively inactivated. Thus, we cannot determine if the activity of the prostacyclin analogs depends on continual activation of the receptor or if transient activation at the beginning of the incubation is sufficient.
In summary, the current study demonstrates that prostacyclin analogs can modulate fibroblast-mediated contraction of threedimensional collagen gels. This effect is mediated through PKA inhibition of fibronectin release. Through actions on fibroblasts, prostacyclin can modulate tissue remodeling and repair. The use of prostacyclin analogs, therefore, may have therapeutic potential in diseases characterized by alterations in tissue architecture.
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